We present a detailed study of the stars of the IRTF spectral library to understand its full extent and reliability for use with Stellar Population (SP) modeling. The library consist of 210 stars, with a total of 292 spectra, covering the wavelength range of 0.94 to 2.41 µm at a resolution R ≈ 2000. For every star we infer the effective temperature (T eff ), gravity (log g) and metallicity ([Z/Z ⊙ ]) using a full-spectrum fitting approach in a section of the K band (2.19 to 2.34 µm) and temperature-NIR colour relations. We test the flux calibration of these stars by calculating their integrated colours and comparing them with the Pickles library colour-temperature relations. We also investigate the NIR colours as a function of the calculated effective temperature and compared them in colour-colour diagrams with the Pickles library. This latter test shows a good broad-band flux calibration, important for the SP models. Finally, we measure the resolution R as a function of wavelength. We find that the resolution increases as a function of lambda from about 6 Å in J to 10 Å in the red part of the K-band. With these tests we establish that the IRTF library, the largest currently available general library of stars at intermediate resolution in the NIR, is an excellent candidate to be used in stellar population models. We present these models in the next paper of this series.
Introduction
The near-infrared (NIR) spectral region contains several features that provide information about the stellar content of galaxies. The spectra of stellar populations in the NIR are strongly influenced by cool, late-type stars. Red giant branch (RGB) stars are old (> 2 Gyr) stars which have a stronger contribution at older ages and also as a function of redder wavelengths. Thermally pulsating asymptotic giant branch (AGB) stars, on the other hand, contribute most to the integrated light of a stellar population between 1 and 3 Gyr. However, during the life-time of a galaxy, we also find regular AGB stars contributing to the spectrum at all ages. Therefore, in order to create stellar population models for all galaxy ages, we need stellar libraries that include these stars.
Stellar libraries are compilations of stellar spectra with a certain wavelength range and resolution covering a large part of the parameter space of effective temperature, gravity and chemical abundances. These libraries can be either theoretical or empirical. Theoretical libraries are calculated using models and atmospheres that can be determined for a wide range of stellar parameters and detailed chemical abundances, at nearly unlimited spectral resolution (e.g. Westera et al. 2002; Coelho et al. 2007; Allard et al. 2012, among others) . Model stellar atmospheres, however, are at present not able to reproduce the full spectra of some observed stars as a result of systematic uncertainties in our understanding of stellar atmospheres and a lack of complete atomic and molecular line lists, especially at lower temperatures. Observational or empirical libraries are compilations of observations of real stars that come with instrumental limitations such as limited resolution, incomplete correction of atmospheric absorption, and since most of the spectra come from stars in the Galactic disk, they might not be fully adequate to study stellar populations in other environments, such as elliptical galaxies. Examples of often used stellar libraries include Lançon & Wood (2000) , Cenarro et al. (2001) , and Sánchez-Blázquez et al. (2006) .
Since hot stars dominate the light in the Ultraviolet (UV), while cool stars are prominent in the Near-Infrared (NIR), it is advantageous to use a large wavelength range when studying the stellar populations of galaxies (Frogel et al. 1978; Maraston 2005) . Until now, most empirical stellar libraries are found in the optical, while some are available in the near-UV, and only very few in the NIR. With these libraries one has been able to model stellar populations in globular clusters and galaxies in the optical in two ways, using line indices, mostly using the Lick-IDS system (e.g. Burstein et al. 1984; Worthey et al. 1994) , and using full-spectrum fitting. Excellent full-spectrum fits have been made of dwarf galaxies (Koleva et al. 2009 ), elliptical galaxies (Yamada et al. 2006; Conroy & van Dokkum 2012) , and globular clusters (Schiavon et al. 2004 ). The fits of giant elliptical galaxies show that some strong lines, most prominently the Mg b line at 5177 Å, cannot be fit by stellar population models using empirical libraries, indicating that the [Mg/Fe] ratios in these objects are different from that of the solar neighborhood (Peterson 1977; Peletier 1989; Worthey et al. 1992) . By now it is clear that many abundance ratios in galaxies are not the same as in the solar neighborhood (e.g. Yamada et al. 2006 , Conroy & van Dokkum 2013 . To first order galaxy spectra in the optical between 4000 and 6000 Å are, however, fairly well understood.
Theoretical model atmospheres have become more and more detailed over the years, producing libraries in different wavelength ranges. The most complete libraries in the NIR include the BaSeL models (Lejeune et al. 1997 (Lejeune et al. , 1998 Westera et al. 2002) , Tlusty models (Lanz & Hubeny 2003 , 2007 , and the models by Aringer et al. (2009) . Compendia of stellar-type spectra formed from spectra of stars of similar type have also been made, for example by Pickles (1998) , that combine various observations providing standard spectra for all spectral types and luminosity classes. Empirical libraries in the NIR include Lançon & Wood (2000) , Cushing et al. (2005) and Rayner et al. (2009) . Mouhcine & Lançon (2002) , Maraston et al. (2009) and Conroy et al. (2009) have made stellar population models based on these libraries. Stellar spectra observed by Rayner et al. (2009) and Cushing et al. (2005) , compiled in the IRTF spectral library allow the modelling of stellar populations in the NIR. Conroy et al. (2009) used a handful of spectra of this library and Meneses- Goytia & Peletier (2012) have constructed preliminary SSP models with this library. The library is a powerful ingredient for stellar population models in the NIR due to the large number of cool stars it contains. These stars contribute strongly in this wavelength range and their spectra are of higher resolution than their empirical predecessors in the same wavelength region such as those observed by Lançon & Wood (2000) . To be able to use the IRTF spectral library for stellar population synthesis, an accurate determination of the spectral calibration and associated stellar parameters of the stars in the library must be established. A well-calibrated stellar library, with an accurate set of stellar parameters and known resolution, leads to a reliable development of models. The information that can be extracted from these models, such as integrated colours are linked to the colours of the stars.
In this series of papers, we aim to understand more about the cool stellar populations in unresolved galaxies by building In the upper panels, we show the observed spectrum (black lines) and the best fit model (red lines). In the lower panels, we show the residuals (green data points) which for these stars are less than 0.2%. For details of the fits, see text.
Single Stellar Population (SSP) models in the NIR and comparing them to galaxy observations. In this paper, the first of this series, we characterise the spectra of the IRTF spectral library and determined the stellar parameters, T eff , log g and metallicity ([Z/Z ⊙ ]) of the stars, tied to the parameters in Cenarro et al. (2007) , in Section 3. We test the flux calibration of the library and the behaviour of the integrated colours of its stars and their stellar parameters in Section 4. And finally, in Section 5, we measure the Full Width at Half Maximum (FWHM) and resolution of the library spectra. In Figure 1 , we show the wavelength ranges used for our analysis. In our second paper (Meneses-Goytia et al. 2014a, hereafter Paper II), we calculate SSP models following a similar approach to Vazdekis et al. (2010) but using the IRTF spectral library. We calculate full Spectral Energy Distributions (SEDs), by finding a stellar spectrum with the appropriate stellar parameters (T eff , log g and metallicity) from the stellar library using interpolation for every point on a theoretical isochrone, weighting them by a initial mass function. In the third paper of the series (Meneses-Goytia et al. 2014b , hereafter Paper III), we use our models to analyse a number of composite stellar systems.
The IRTF spectral library
The IRTF spectral library 1 is a compilation of stellar spectra observed with the medium-resolution spectrograph SpeX at the NASA Infrared Telescope Facility on Mauna Kea (Rayner et al. 2009; Cushing et al. 2005) . This library covers the NIR range from 0.8 to 2.5 µm (and extends in some cases out to 5.2 µm). We focus on the spectral region for the J, H and K bands (0.94 to 2.41 µm). These spectra were observed at a resolving power of R = 2000 (R = λ/∆λ, see below), and their continua were not normalized, keeping the strong molecular absorption features from cool stars. Keeping the spectral shape also allowed relative flux calibration between the stars, by scaling the spectra to published Two Micron All Sky Survey (2MASS) photometry (J, H and K s magnitudes), implying that the integrated colours obtained from the spectra are consistent with those obtained by 2MASS.
The spectral types of the 210 library stars include F, G, K, M, L, S and C types, with luminosity classes from supergiants (I) to dwarfs (V). The majority of the stars are cool stars, which dominate the light in the NIR. Around 60% of the stars are variable, including Cepheids, RR Lyrae and semi-regular variables. 
C97 + S10 C07 Fig. 4 . Residuals from the comparison of the stellar parameters obtained from the full-spectrum fitting (FSF) approach and the literature values from C07, S10 and C97 and the residuals (FSF -Lit). The red line is the one-to-one correlation. The green line marks the median of the difference 81K for T eff , -0.23 for log g and -0.07 of metallicity) which represents the offset between non-C07 and C97 + S10 literature values. Additionally, some stars have two spectra, corrected and nonArticle number, page 3 of 17 A&A proofs: manuscript no. meneses-goytia_et_al_2014a 
C07 system T eff (K) C97 + S10 C07 Fig. 6 . Residuals from the comparison of the stellar parameters obtained from the colour-temperature relation (CTR) approach and the literature values from C07, S10 and C97 and the residual (Lit C10 system -CTR). The red line is the one-to-one correlation. The green line marks the median of the difference (181K) which represents the offset in temperatures between the CTR method and literature in the C07 system. corrected for extinction. We kept these spectra as individual stars leaving us with a sample of 292 spectra.
Determination of stellar parameters
A crucial step towards using a spectral stellar library for SSP modelling (see Paper II) is to accurately know the atmospheric parameters of its stars to be able to tie them to the evolutionary tracks during the modelling. Moreover, the parametric coverage of the library is vital to understand the applicable ranges in the models constructed from its stars. For this purpose, we apply two methods, one in which the T eff , log g and metallicity of many of the stars of the IRTF spectral library are determined in a self-consistent way from a sample of stars with well-determined parameters (see Section 3.1) and another in which we use the colour−temperature relations for different regimes (see Section 3.2). We use parameters from the literature to establish the validity of these methods. 
Full−spectrum fitting method
Here we use the ULySS 2 package (Koleva et al. 2009 ) to compare the IRTF spectra to a template library with known parameters, and to find the set of best-matching spectra. Briefly, 2 ulyss.univ-lyon1.fr ULySS fits a spectrum with a linear combination of non-linear components (in this case stellar spectra) convolved with a lineof-sight velocity distribution and multiplied by a polynomial continuum.
The parameters of the best-matching spectra along with their respective weights give the atmospheric parameters of the IRTF stars. Figure 2 shows examples of the fits for three stars (IRL003, IRL120 and IRL270) with their corresponding resulting parameters. It is important to mention that the full−spectrum fitting (FSF) approach used for measuring the atmospheric parameters was only used on a small region of the K band (2.19 to 2.34 µm).
We choose as our primary template library 73 stars of the IRTF spectral library that are also found in the empirical stellar libraries MILES (Sánchez-Blázquez et al. 2006) and CaT (Cenarro et al. 2001) . The parameters of those stars are determined using a compilation from the literature by Cenarro et al. (2007, hereafter C07) . Additionally, we use as templates 52 stars observed in a section of the K band (2.19 to 2.34 µm) by Mármol-Queraltó et al. (2008) which are also contained in the MILES and CaT libraries and for which there are also stellar atmospheric parameters available in C07. 
C07 system T eff (K) Fig. 8 . Comparison of the effective temperature obtained from the fullspectrum fitting (FSF) with literature values in the C07 system. The squares and circles are those stars with literature values from either C07, S10 or C97 already in the C07 system, for which parameters are computed using their stellar type. The black data points are stars that do not have literature values in C07, S10 or C97. The red line is the one-to-one relation. The blue and green lines mark the 1 σ and 2 σ confidence intervals, respectively. The residuals (FSF -Lit C07 system ) are presented in the lower panel.
For our analyses, we also create 108 interpolated stars whose parameters are selected from grids of different T eff , log g and 4 metallicities that were within the limits provided by the empirical stars of our template library. Their temperature ranges from 2500 to 6500 K, with steps of 500 K and their gravities range C07 system log g (dex) Note that the diagram contains fewer stars than e.g. Figure 9 . This is because there are many stars without literature values, for which there is no way to determine their matallicity. For these stars we have assumed solar chemical abundances and not plotted them here. 
C07 system T eff (K) The spectrum of each interpolated star is obtained by interpolating between empirical spectra of stars with known parameters in our template library. We apply an interpolation scheme similar to that of Vazdekis et al. (2003) , which creates a box of stellar parameters around a given point with certain stellar parameters, i.e. the parameters of the star for which we want to obtain a spectrum. This box is flexible enough to expand until a sufficient number of adequate stars are found, if necessary, and is divided into eight cubes of different sizes that have the given point as a corner. This minimises the errors due to the lack of stars in certain regions of the distribution of stars. The size of the box is inversely proportional to the density of stars found around the point and the box can be as small as the typical uncertainties of the parameters of the template library. When the boxes are determined, the spectra of the stars that form each one of the eight boxes are combined into 8 different spectra. As a final step, these spectra are interpolated to obtain a final spectrum with the desired stellar parameters. This step is taken since the available interpolators with ULySS are only for optical wavelengths. We subsequently use the ULySS package, along with the 233 template stars described above to determine stellar atmospheric parameters in the full-spectrum approach.
We have run the FSF for the 73 IRTF-MILES stars (hereby C07-stars) to not only test this method but also to homogenise our "anchor" literature values. We have also applied the methodology to the IRTF stars with literature values from Soubiran et al. (2010, hereafter S10) and Cayrel de Strobel et al. (1997, hereafter C97) , giving a combined sample of 40 stars hereby designated non-C07 stars.
The FSF method is not applied to stars with T eff below 4000 K due to the lack of templates covering an adequate grid of atmospheric parameters for cool stars. Therefore, below 4000 K A&A proofs: manuscript no. meneses-goytia_et_al_2014a we adopt atmospheric parameters from the literature or the colour-temperature relation method (see Section 3.2). Figure 4 shows that the parameters obtained for the non-C07 stars differ from the catalogs; therefore we calculate the offset between these values from the median of the difference 81K for T eff , -0.23 for log g and -0.07 for metallicity). We apply the corresponding offset for each parameter to the literature values for the non-C07 stars in order to homogenise the "anchor" stellar atmospheric parameters in the C07 system.
From our analyses we see that most of the stars are in the metallicity range between ≈−0.7 and 0.2, indicating that the IRTF spectral library is useful for NIR SP modelling mostly when working with populations near solar abundance.
T eff and NIR−colour relations
For this method, we determine the temperature as a function of NIR colours. For this purpose, we use colour-temperature relations (CTR) in the NIR, specifically (J − K), for different regimes of effective temperatures and luminosity classes. which are applied to F0-K5, M0-M7 and M8-cooler stars, respectively. For dwarfs, the relations of Alonso et al. (1996, A96) , Rajpurohit et al. (2013, R13) and Pecaut & Mamajek (2013, P13) are used for F0-K5, M0-M10 and L-T stars, respectively. We show these relations and their behaviour in Figure 5 . Before applying these relations to those stars without literature parameters, we use them to re-calculate the values of the C07 and non-C07 stars in order to determine the difference between the literature values in the C07 system and colourtemperature relation results and anchor the latter values to the former. This comparison and the respective median offset are shown in Figure 6 . This offset (181K) is applied to the effective temperatures from the CTR approach. Note that large difference of literature and CTR temperatures of very bright giants is due to the variable colours as a result of stellar pulsations.
Selection of the atmospheric parameters
To assess the accuracy of the parameters we obtained with both methods, we compare the parameters of the remaining 219 IRTF stars with literature values from the catalogues of S10 and C97. When literature data are not available, we infer the stellar temperature of the stars from their stellar classification by compiling information from Gray & Corbally (2009) use evolutionary tracks based on empirical stars as a function of temperature, gravity and spectral type from Straizys & Kuriliene (1981) . In Table A .1, we show our calculated parameters, including those from the literature, and those of the template stars.
The agreement between the measured parameters by the FSF method and the literature is reasonable (as shown in Figures 8, 9 and 10), with σ T e f f = 366 K, σ log g = 0.36 dex and σ [Z/Z ⊙ ] = 0.28 dex. This technique was limited by the parameter coverage of the template library which was dominated by solar metallicity giants and dwarfs between ∼ 3500 and 7500 K. The stars for which we could not determine good parameters are late-type giants (M6 and cooler) and M, L and T dwarfs (T e f f < 2500 K).
In Figure 11 we show the resulting effective temperatures from the colour-temperature relations and the comparison with the literature values. This method also shows a good agreement with σ T e f f = 451 K, except for a few very bright giants whose colours oscillate due to stellar pulsations.
It is important to point out that these methods are independent from each other. The FSF determines the parameters of a given star by comparing its spectrum to an empirical spectral library whose stellar parameters were compiled from the literature (for details of this compilation see Cenarro et al. 2007 ). On the other hand, the CTR is based on the relation of observed photom- etry of stars and their effective temperature (see e.g. Alonso et al. 1999) .
To compute the Stellar Population models (Paper II), we mainly use the parameters mainly from the full-spectrum fitting and for those stars whose values are not in the 2 σ T e f f confidence interval, we take the results from the colour-temperature relation that are also within the corresponding reliable limits. For log g, we take the FSF results, or, if they are not within the 2 σ log g limits, we take the literature values. We prefer not to use the massluminosity relations to calculate the log g because it requires assigning a particular age and metallicity making the method subject to a bias. For outliers in metallicity, literature values were used if available, otherwise solar metallicity was chosen.
The calculated values within the 2 σ confidence intervals (for the respective parameter) are shown in Table A .1. Figure 12 shows the HR diagram of these stars and Figure 13 their metallicity distribution function.
Article number, page 7 of 17 A&A proofs: manuscript no. meneses-goytia_et_al_2014a Example of the full-spectrum fitting for a solar-like star IRL075. We show the observed spectrum (black lines), the best fit model (red lines) and the residuals (green data points). In some regions of the fit is poor is due to telluric absorption contamination.
Comparison with recent work
We compare the atmospheric parameters of the IRTF spectral library stars with the survey of available stellar parameters compiled from the literature by Cesetti et al. (2013) 
Flux calibration of the IRTF spectral library
In this section, we test the flux calibration of the library and the behaviour of the stellar integrated colours as a function of the atmospheric parameters. The reliability of this calibration is important for the SP modeling when comparing to photometric observations of globular clusters and galaxies.
Relative J, H and K s fluxes were determined by integrating the spectral flux in these Near-IR bands using the Vega spectrum from Colina et al. (1996) as a zero-point. We use the response curves of the J, H and K filters of the Johnson-Cousins-Glass photometric system given by Bessell et al. (1998) . We present in Figure 15 a comparison of the colours with the library of Pickles (1998) for solar metallicity stars. We can see that our inferred parameters follow the same trend as those of Pickles. We draw the same conclusion from the colour-colour diagrams in Figure  16 .
Determining the spectral resolution
In order to asses the accuracy of our SSP models (Paper II), it is also important to characterise the spectral resolution of the stellar library to be used and to make sure that the radial velocities of all the stars have been set to zero. Therefore, to determine the nominal spectral resolution (FWHM) of the IRTF spectral library, we fit the stars with another template library of very high resolution.
We use the recent PHOENIX BT-Settl 3 stellar models (Allard et al. 2012 ) as a template library. The stellar parameters of this theoretical library cover a wide range of temperature (2600 −7000 K), luminosity class (from dwarfs to supergiants) and metallicity (−0.5 to 0.5 dex). In the wavelength range that we use (J, H and K bands), the full-width at half maximum (FWHM) of the library is 0.05 Å.
The FWHM of the IRTF spectral library has been determined by comparison with the BT−Settl library. Both libraries are rebinned to a velocity scale of 25 km s −1 , after which the broadening of data and templates are measured using the penal- For the J band, at 1.22 µm, the stars have an average FWHM of 5.9 ± 0.3 Å. In the H band, at 1.62 µm, the peak value is 7.6 ± 0.3 Å. For the atomic-dominated part of the K band, at 2.02 µm, the average resolution is 9.3 ± 0.6 Å. And for the molecular-dominated part of the K band, at 2.27 µm, the average FWHM is 9.7 ± 0.9 Å.
each individual test spectrum to determine the FWHM. To assess the dependence of resolution on wavelength, we divide the original datasets into four wavelength bins, representing the J (1.04 − 1.44 µm) and H (1.46 − 1.80 µm) bands, the atomic part of the K band (1.90 − 2.14 µm) and the molecular part of the K band (2.14 − 2.41 µm), with effective wavelengths of 1.22, 1.62, 2.02 and 2.27 µm, respectively. The basic procedure is described in detail by Falcón-Barroso et al. (2011) . Figure 17 shows an example of a solar-like star of the IRTF library and its fit using this procedure.
From this technique, we also obtain the radial velocity (RV) of the IRTF stars for each bin as shown in the left panel of Figure 18 . For the J band, at 1.22 µm, most of stars have an RV of −4.1 ± 6.6 km s −1 (standard deviation). In the H band, at 1.62 Å, the peak value is −8.5 ±8.0 km s −1 . For the atomicdominated part of the K band, at 2.02 Å, the radial velocity is A&A proofs: manuscript no. meneses-goytia_et_al_2014a −13.3 ±8.7 km s −1 , and for the molecular-dominated part of the K band, at 2.27 Å, the RV is −13.9 ±8.1 km s −1 . In Figure 19 we show how the FWHM, the resolution R and their respective scatters behave as a function of wavelength for the G stars of the library, in bin sizes of 1000 Å. As we see, the FWHM increases when going to the red.
The behaviour of the FWHM as a function of each wavelength bin is presented in the right panel histograms of Figure  18 . One can see that the resolution is not constant in wavelength, as is the case for the MILES library, but is approximately proportional with wavelength (R constant), but with some additional variation as a function of wavelength. For the J band, at 1.22 µm, most stars have an average FWHM of 5.9 ± 0.3 Å. In the H band, at 1.62 Å, the peak value is 7.6 ± 0.3 Å. For the atomicdominated part of the K band, at 2.02 Å, the average resolution is 9.3 ± 0.6 Å. And for the molecular-dominated part of the K band, at 2.27 Å, the average FWHM is 9.7 ± 0.9 Å. In terms of the spectral resolution, R = 2060 ± 15, 2163 ± 16, 2153 ± 23, and 2350 ± 25 at 1.22, 1.62, 2.02, and 2.27 µm respectively.
These tests demonstrate that the resolution of this library is higher than most previous empirical libraries, such as Lançon & Wood (2000) .
Final remarks
We have studied in detail the accuracy and characteristics of the IRTF spectral library in the J, H and K bands. We have determined the the parameter coverage of the IRTF spectral library, allowing us to understand the extent of its usefulness. We have also determined the accuracy of the flux calibration of the library. Additionally, we have measured the precise spectral resolution and radial velocity of the stars.
With these tests, we understand the possibilities and limitations of stellar population models using the IRTF spectral library as input (Paper II), over the J, H and K bands.
Cool late-type stars have a strong influence on the integrated flux in these wavelength regions. These stars are particularly relevant for studies of early-type galaxies. Since our library has cool stars, we can obtain a much better handle on the relative contribution of these stars in unresolved galaxies (Paper III).
Our rebinned IRTF spectral library spectra (i.e. with a constant dispersion in wavelength) and the resulting data of the analysis and characterisation are available on-line 4 A&A proofs: manuscript no. meneses-goytia_et_al_2014a
Appendix A: The stars composing the IRTF spectral library and their atmospheric parameters.
In this appendix, we compile the available information for the IRTF stars. The first column shows the ID of the IRTF stars, corresponding to the order of stars adopted in Rayner et al. (2009); Cushing et al. (2005) . Indented IDs indicate stars which are not corrected for extinction. The second column lists the names given by the IRTF library database. The coordinates of each star are given in the third and fourth column. The fifth column gives the stellar class of each star according also to the IRTF library. The fifth, sixth and seventh columns present the atmospheric parameters of each star, determined from either the full-spectrum fitting method ( FS F ), the colour−temperature relation ( CT R ), literature compilations S10 and C97 ( S EC ) or according to their stellar type ( S T ). For stars from the Cenarro et al. (2007) catalog (labeled C07 ) the atmospheric parameters are determined using the full-spectrum fitting method and recovered as the same values as given in the literature. Finally, the eight, ninth and tenth columns list the NIR colours of each star as calculated from the spectrum (see Section 4). 
